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Abstract
In the 5-dimensional braneworld cosmology, the Friedmann equation of our 4-dimensional
universe on a brane is modified at high temperatures while the standard Big Bang cosmology
is reproduced at low temperatures. Based on two well-known scenarios, the Randall-Sundrum
and Gauss-Bonnet braneworld cosmologies, we investigate the braneworld cosmological effect
on the relic density of a non-thermal dark matter particle whose interactions with the Standard
Model particles are so weak that its relic density is determined by the freeze-in mechanism. For
dark matter production processes in the early universe, we assume a simple scenario with a light
vector-boson mediator for the dark matter particle to communicate with the Standard Model
particles. We find that the braneworld cosmological effect can dramatically alters the resultant
dark matter relic density from the one in the standard Big Bang cosmology. As an application,
we consider a right-handed neutrino dark matter in the minimal B − L extended Standard
Model with a light B−L gauge boson (Z ′) as a mediator. We find an impact of the braneworld
cosmological effect on the search for the long-lived Z ′ boson at the planned/proposed Lifetime
Frontier experiments.
I. INTRODUCTION
Based on various cosmological and astronomical observations, including very precise mea-
surements of the cosmic microwave background anisotropy, the so-called ΛCDM cosmological
model has been established and the abundance of the (cold) dark matter (DM) is estimated as
[1]
ΩDMh
2 ≃ 0.12. (1)
Since the Standard Model (SM) of particle physics has no suitable candidate for the cold DM
particle, new physics beyond the SM is required to supplement the SM with a DM candidate.
Many models of new physics have been proposed to incorporate various DM candidates. For a
review, see Ref. [2].
Among several possibilities, the most popular DM scenario is the thermal DM, in which a
DM particle was in thermal equilibrium in the early universe and its relic density at present is
determined by the freeze-out mechanism [3]. In this scenario, we evaluate the DM relic density
by solving the Boltzmann equation [4],
dY
dx
= − s(T = m)
H(T = m)
〈σvrel〉
x2
(Y 2 − Y 2EQ), (2)
where x = m/T is the ratio between the DM mass (m) and the temperature of the universe
(T ), Y = n/s is the yield defined by the ratio of the DM number density (n(T )) to the
entropy density of the universe s(T ) = (2pi2/45)g∗T
3 with g∗ being the effective total number
of relativistic degrees of freedom, H(T ) =
√
pi2g∗/90 (T
2/MP ) is the Hubble parameter with
the reduced Planck mass of MP = 2.43 × 1018 GeV, 〈σvrel〉 is the thermal-averaged DM pair
annihilation cross section (σ) times DM relative velocity (vrel), and YEQ is the yield for the DM
in thermal equilibrium. Once a DMmodel is fixed, we can calculate 〈σvrel〉 as a function of x and
evaluate the yield of the thermal DM particle at present Y (x→∞) by solving the Boltzmann
equation with the initial condition of Y = YEQ for x ≪ 1. In the freeze-out mechanism, we
can approximate Y (∞) by Y (∞) ≃ Y (xf ) at the freeze-out temperature xf = m/Tf . The relic
density of the DM particle is given by
ΩDMh
2 =
mY (∞) s0
ρc/h2
, (3)
where s0 = 2890/cm
3 is the entropy density of the present universe, and ρc/h
2 = 1.05 × 10−5
GeV/cm3 is the critical density.
It is well-known that the observed DM relic density of ΩDMh
2 ∼ 0.1 is obtained by 〈σvrel〉 ∼ 1
pb, almost independently of the DM mass. This cross section at the electroweak scale implies
the possibility of directly detecting a DM particle through its elastic scattering off of nucleons.
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Despite many experimental efforts, evidence of the DM particle has not been observed yet. For
example, the most stringent upper bound of around 4× 10−11 pb for a DM particle with a 30
GeV mass has been set by the XENON 1T experiment [5]. Although the discovery of a DM
particle may be around the corner, the null result motivates us to consider the possibility that
the interaction of a DM particle with SM particles is extremely weak. If this is the case, a
DM particle has never been in thermal equilibrium with the plasma of the SM particles in the
history of the universe. In such a case, the DM relic density is determined by the freeze-in
mechanism [6, 7] (see Ref. [8] for a review), assuming a vanishing initial DM density at the
reheating after inflation. The freeze-in DM scenario has attracted a lot of attention recently.
We also employ the Boltzmann equation to evaluate the DM relic density for the freeze-in
DM particle. The difference from the thermal DM scenario is only the boundary condition,
namely, Y (xRH) = 0 instead of Y (x≪ 1) = YEQ, where xRH ≡ m/TRH ≪ 1 with the reheating
temperature TRH after inflation. Since Y never reaches YEQ because of the extremely weak DM
interactions with the SM particles, the Boltzmann equation has the approximate form:
dY
dx
≃ s(m)
H(m)
〈σvrel〉
x2
Y 2EQ ≃ 0.698
g2DM
g
3/2
∗
mMP
〈σvrel〉
x2
. (4)
In the last expression, we have used nEQ = (gDM/pi
2)T 3 (for T > m) with gDM being the DM
internal degrees of freedom. Here, note that 〈σvrel〉Y 2EQ corresponds to the creation rate of a
pair of DM particles by the thermal plasma because it balances with the DM annihilation rate
when the DM particle is in thermal equilibrium. For a given 〈σvrel〉 as a function of x, it is easy
to solve the Boltzmann equation, and we estimate Y (∞) ≃ Y (x = 1). Note that we integrate
the Boltzmann equation until x = 1 since the production of DM particles from thermal plasma
stops around x ∼ 1, or equivalently, T ∼ m by kinematics. As a simple DM scenario, we
consider the case that the DM particle communicates with the SM particles through a light
vector-boson mediator. In this case, we may express the DM creation/annihilaton cross section
as
〈σvrel〉 = g
4
V
128pi
x2
m2
, (5)
where gV is a coupling of the vector-boson. Using this concrete form, one can easily solve
Eq. (4) to arrived at
ΩDMh
2 =
mY (x =∞) s0
ρc/h2
≃ mY (x = 1) s0
ρc/h2
≃ 1.16× 1024 g
2
DM
g
3/2
∗
g4V . (6)
Interestingly, the resultant relic density is independent of the DM mass. For example, by using
gDM = 2 and g∗ = 106.75 for the SM particle plasma, we find gV = 2.31 × 10−6 to reproduce
Ωh2 = 0.12.
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Since the discovery of the “brane” in string theories [9] the braneworld scenarios have at-
tracted lots of attention as phenomenological models, in which the SM particles are confined
on a “3-brane” while gravity resides in the bulk space. The braneworld cosmology based on
the model first proposed by Randall and Sundrum (RS) [10] (the so-called RS II model) has
been intensively investigated (see Ref. [11] for a review). It has been found [12–15] that the
Friedmann equation in the RS cosmology leads to a non-standard expansion law at high tem-
peratures while the standard Big Bang cosmology is reproduced at low temperatures. The
RS II model can be extended by adding the Gauss-Bonnet (GB) invariant [16–19], and the
Friedmann equation for the GB braneworld cosmology has been found [20, 21], which is quite
different from the one in the RS braneworld cosmology.
Since the Hubble parameter is involved in the Boltzmann equation, the DM relic density
depends on the expansion law of the early universe. Hence, the non-standard evolution of the
universe can significantly alter the resultant DM density from that found in the standard Big
Bang cosmology.
The RS braneworld cosmological effect on the thermal DM physics has been investigated
in detail [22–32], and it has been shown that the resultant DM density can be considerably
enhanced. On the other hand, the GB braneworld cosmological effect has been shown to
considerably reduce the thermal DM density [33, 34].
In this paper, we investigate the braneworld cosmological effect on the non-thermal DM
scenario in which the DM relic density is determined by the freeze-in mechanism (for a related
work, see Ref. [35]). In particular, we focus on a freeze-in DM which communicates with the SM
particles through a light vector-boson mediator. For the two typical scenarios, namely, the RS
and the GB braneworld cosmologies, we evaluate the DM relic density under the non-standard
evolution of the universe. We will find interesting RS and GB braneworld cosmological effects.
As an application of our findings, we consider a right-haded neutrino (RHN) DM scenario [36]
(see also Ref. [37]) in the context of the minimal B − L extended SM [38–44], where the RHN
DM communicates with the SM particles through a light B − L gauge boson (Z ′). Because
of a small B − L gauge coupling for the freeze-in mechanism, the Z ′ boson can be long-lived.
When the Z ′ boson mass lies in the range of 10 MeV . mZ′ . 1 GeV, the planned/proposed
Lifetime Frontier experiments can explore such a long-lived Z ′ boson. We find an impact of
the braneworld cosmological effect on such experiments.
This paper is organized as follows: In the next section, we give a brief review on the RS
and GB braneworld cosmologies. In Sec. III, we consider a freeze-in DM scenario with a light
vector-boson mediator in the braneworld cosmology and discuss how the braneworld effect
alters the resultant DM density from the one in the standard Big Bang cosmology. In Sec. IV,
we apply our findings in Sec. III to the so-called Z ′-portal RHN DM scenario in the context of
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the minimal B − L model, and identify the parameter region to reproduce the observed DM
density. We also discuss the search for a long-lived B−L gauge boson by the planned/proposed
experiments at Lifetime Frontier and point out an impact of the braneworld cosmological effect
on the search. Sec. V is devoted to conclusions.
II. BRANEWORLD COSMOLOGIES
In this section, we give a brief review on two typical braneworld cosmologies: the RS cosmol-
ogy and the GB cosmology. In both scenarios, the Standard Big Bang cosmology is reproduced
at low temperatures while the evolution of the universe obeys non-standard law at high tem-
peratures. Considering this fact, we may parametrize a modified Friedmann equation in a
braneworld cosmology as
H = Hst(T )× F (T ), (7)
where Hst =
√
pi2g∗/90 (T
2/MP ) is the Hubble parameter in the standard Big Bang cosmology.
Since the standard Big Bang cosmology must be reproduced at low temperatures, we express
F (T ) as F (T/Tt) with “transition temperature” (Tt) at which the modified expansion law
approaches the standard expansion law, namely, F (T/Tt) = F (xt/x) → 1 for T < Tt, where
xt = m/Tt. For concreteness, let us assume the following form:
F (T/Tt) =
(
T
Tt
)γ
=
(xt
x
)γ
(8)
for T/Tt > 1 with a real parameter γ. This parameterization turns out to be a very good
approximation for both of the RS and GB braneworld cosmologies. As we will see, γ = 2
corresponds to the RS braneworld cosmology, while γ = −2/3 to the GB braneworld cosmology.
A. RS cosmology
In the RS cosmology, the Friedmann equation for a spatially flat universe is found to be
[12–15]
H2 =
ρ
3M2P
(
1 +
ρ
ρRS
)
, (9)
where ρ is the energy density of the universe, and
ρRS = 12
M65
M2P
, (10)
with M5 being the 5-dimensional (5D) Planck mass. Here, we have set the model parameters
to make the 4D cosmological constant and the so-called dark radiation [45] vanishing. Note
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that the Friedmann equation of the standard Big Bang cosmology is reproduced at low energies
(temperatures) such that ρ/ρRS ≪ 1. A lower bound on ρ1/4RS & 1.3 TeV, or equivalently, M5 &
1.1 × 108 GeV was obtained in Ref. [10] from the precision measurements of the gravitational
law in sub-millimeter range.
Let us consider the radiation dominated era in the early universe, where the temperature is
so high that ρ/ρRS ≫ 1. Then, the Friedmann equation of Eq. (9) can be approximated by
H ≃ Hst
√
ρ
ρRS
= Hst ×
(xt
x
)2
(11)
where we have used ρ/ρRS = (T/Tt)
4 = (xt/x)
4. Hence, we find γ = 2 in Eq. (8) for the RS
cosmology (T ≫ Tt).
B. GB cosmology
The RS II model can be generalized by adding higher curvature terms [16–19]. Among
various possibilities, the GB invariant is of particular interests in 5D since it is a unique nonlinear
term in curvature yielding the gravitational field equations at the second order. The action of
the RS II model is extended by adding the GB invariant [16–19]:
S = 1
2κ25
∫
d5x
√−g5
[−2Λ5 +R+ α (R2 − 4RabRab +RabcdRabcd)]
−
∫
brane
d4x
√−g4
(
m4σ + Lmatter
)
, (12)
where indices a, b, c, d run 0 to 4, κ25 = 8pi/M
3
5 , m
4
σ > 0 is a brane tension, Λ5 < 0 is the
bulk cosmological constant, and a Z2-parity across the brane in the bulk is imposed. The limit
α→ 0 recovers the RS II model.
The Friedmann equation on the spatially flat brane has been found to be [20, 21]
κ25(ρ+m
4
σ) = 2µ
√
1 +
H2
µ2
(
3− β + 2βH
2
µ2
)
, (13)
where β = 4αµ2 = 1−√1 + 4αΛ5/3. The model involves four free parameters, κ5, mσ, µ and β.
We impose two phenomenological requirements: (i) the Friedmann equation of the standard Big
Bang cosmology must be reproduced at low energies H2/µ2 ≪ 1; (ii) 4D cosmolgical constant
is approximately zero. These requirements lead to the following two conditions:
κ25m
4
σ = 2µ(3− β),
1
M2P
=
µ
1 + β
κ25. (14)
In general, the GB cosmology has three epochs in its evolution [46]: The universe obeys the
standard expansion law at low energies (standard epoch). At middle energies (RS epoch), the
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RS cosmology is approximately realized. At high energies (GB epoch), the Friedmann equation
is approximately expressed as
H ≃
(
1 + β
4β
µ
M2P
ρ
)1/3
. (15)
For a special value of β = 0.151 which satisfies the equation, 3β3− 12β2+15β− 2 = 0, the RS
epoch collapses [46]. Since we are interested in the GB epoch, we fix β = 0.151. Hence, we can
parametrize the Friedman equation in the GB epoch as
H ≃
(
1 + β
4β
µ
M2P
ρ
)1/3
= Hst ×
(
ρ
ρGB
)
−1/6
= Hst ×
(xt
x
)
−2/3
, (16)
where ρGB = 3
6
(
1+β
4β
µMP
)2
. Thus, taking γ = −2/3 in Eq. (8) corresponds to the GB
cosmology for T ≫ Tt.
III. FREEZE-IN DARK MATTER IN BRANEWORLD COSMOLOGIES
Now we are ready to investigate the braneworld cosmological effect on the freeze-in DM
scenario. Our crucial assumption is that the DM mass is larger than the transition temperature
(m > Tt), so that DM production from the SM thermal plasma ends before the evolution of
the universe transitions to the standard Big Bang cosmology. To evaluate the freeze-in DM
density, we solve the Boltzmann equation. All the braneworld cosmological effect is encoded in
the modification of the Hubble parameter given by Eq. (7) with Eq. (8). Therefore, we obtain
a modified Boltzmann equation of the form:
dY
dx
=
s(m)
Hst(m)
〈σvrel〉
F (xt/x) x2
Y 2EQ ≃ 0.698
g2DM
g
3/2
∗
mMP
〈σvrel〉
F (xt/x) x2
. (17)
Mathematically, the braneworld cosmological effect is equivalent to modifying the DM cre-
ation/annihilation cross section in the standard Big Bang cosmology as
〈σvrel〉 →
( 〈σvrel〉
F (xt/x)
)
= 〈σvrel〉
(xt
x
)
−γ
(18)
for xt/x > 1. This equation implies that the braneworld cosmological effect enhances (reduces)
the DM relic abundance for γ < 0 (γ > 0).
In our RS and GB cosmologies, we can easily solve Eq. (17) with the cross section of Eq. (5).
We then obtain
ΩDMh
2 ≃ mY (x = 1) s0
ρc/h2
≃ 1.16× 1024 g
2
DM
g
3/2
∗
g4V ×
x−γt
γ + 1
. (19)
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SU(3)C SU(2)L U(1)Y U(1)B−L Z2
qiL 3 2 1/6 1/3 +
uiR 3 1 2/3 1/3 +
diR 3 1 −1/3 1/3 +
liL 1 2 −1/2 −1 +
N jR 1 1 0 −1 +
NR 1 1 0 −1 −
eiR 1 1 −1 −1 +
H 1 2 −1/2 0 +
Φ 1 1 0 2 +
TABLE I. The particle content of the minimal B−L model with the RHN DM [36]. In addition to the
SM particle content (i = 1, 2, 3 for three generations), the three right-handed neutrinos categorized
into 2+1 (N jR (j = 1, 2) and NR) and the B − L Higgs field (Φ) are introduced. The Z2-odd NR is a
unique DM candidate in the model.
The resultant DM density is modified by a factor of R(γ) =
x−γt
γ+1
from the one in the standard Big
Bang cosmology. Therefore, in order to reproduce the observed DM density of ΩDMh
2 = 0.12,
the coupling gV is fixed to be
gV = 2.31× 10−6 R(γ)−1/4. (20)
For the RS and the GB cosmologies, we find R(2) ≃ 1.32√xt and R(−2/3) ≃ 0.76 x−1/6t ,
respectively. When xt ≫ 1, or equivalently, m ≫ Tt, the braneworld cosmological effect
requires a different coupling value to reproduce the observed DM density.
IV. APPLICATION TO Z ′-PORTAL RHN DM WITH A LIGHT Z ′ BOSON
In the previous section, we have evaluated the freeze-in DM density with a light vector-boson
mediator. We have found that the resultant relic density is independent of the DM mass, and
the observed relic density is reproduced by adjusting the coupling (gV ) of the light mediator.
As we have found, the resultant DM density in the RS and GB braneworld cosmologies can be
significantly altered from the one in the standard Big Bang cosmology. In other words, the gV
value to reproduce ΩDMh
2 = 0.12 is changing in accordance with a braneworld model and the
transition temperature Tt (or equivalently, xt). As we will discuss in the following, this coupling
change has an impact on the search for the vector-boson mediator at future experiments. To
see this, we consider a simple “Z ′-portal DM” scenario in this section.
The minimal B − L model [38–44] is a simple, well-motivated model for the neutrino mass
generation. In the model, the accidental U(1)B−L global symmetry of the SM is gauged, and
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three RHNs are introduced to keep the model free from all gauge and mixed gauge-gravitational
anomalies. The U(1)B−L symmetry is broken by the vacuum expectation value of a B−L Higgs,
which generates the B − L gauge boson (Z ′) mass as well as Majorana masses for the three
RHNs. After the electroweak symmetry breaking, tiny neutrino masses are generated through
the type-I seesaw mechanism [47–50]. A concise way to incorporate a DM candidate into the
minimal B−Lmodel has been proposed in Ref. [36], where instead of introducing a new particle,
a Z2 symmetry is introduced while keeping the minimal B − L model particle content intact.
We assign an odd-parity for one RHN, while all the other particles in the model are even. In
this way, the parity-odd RHN is stable and serves as the DM in our universe. It is known that
only two RHNs are necessary for a realistic seesaw scenario to reproduce the neutrino oscillation
data. This setup is called “Minimal Seesaw” [51, 52]. Therefore, through the Z2-parity, the
three RHNs are categorized into 2+1 with two RHNs for the seesaw mechanism and one RHN
for the DM candidate. The particle content of the model is listed in Table I. Except for the
Z2-parity assignment, the particle content is exactly the same as the one of the minimal B−L
model.
The RHN DM can communicate with the SM particles through the Higgs boson exchange
(Higgs-portal) and/or the Z ′ boson exchange (Z ′-portal). For a RHN DM as a thermal DM
particle, the Higgs-portal case [36, 53, 54] and the Z ′ portal case [55–58] (see [59] for a review)
have been extensibly studied. In the study for the Z ′-portal case, it has been pointed out that
the DM physics and the search for a Z ′ boson resonance at the Large Hadron Collider (LHC)
are complementary to narrow down the allowed model-parameter space. For a similar study of
a Z ′-portal Dirac fermion DM in the context of the minimal B − L model, see Refs. [60, 61].
The RHN DM as a freeze-in DM particle has also been studied [62, 63] (For a similar study
of the Dirac fermion case, see Refs. [64, 65]). In particular, the Z ′-portal RHN DM with a
light Z ′ boson has been studied in Ref. [62] and it has been pointed out that the parameter
region motivated from the DM physics can be explored by the planned/proposed experiments
at the Lifetime Frontier. In the following, we extend the analysis in Ref. [62] to the RS and
GB braneworld cosmologies and investigate an impact of the braneworld cosmological effect on
the Lifetime Frontier experiments.
In order to evaluate the freeze-in RHN DM relic density, we first evaluate a thermal-averaged
cross section for the RHN pair creation from thermal plasma. The main process is f f¯ → Z ′ →
NN [60] and its explicit form is given by
σ(s) =
13
48pi
g4BL
√
s(s− 4m2)
s2
, (21)
where gBL is the B−L gauge coupling, and we have neglected Z ′ boson mass (mZ′ ≪ m). The
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FIG. 1. Numerical solutions of the Boltzmann equation in the GB braneworld cosmology (dotted
blue line), the Standard Big Bang cosmology (solid black line), and the RS braneworld cosmology
(dashed red line). Here, we set m = 10 TeV, Tt = 1 TeV, mZ′ = 1 GeV, and gBL = 1.54 × 10−6.
thermal average of the pair creation/annihilation cross section is calculated as
〈σvrel〉 = (sYEQ)−2 g2DM
m
64pi4x
∫
∞
4m2
ds 2(s− 4m2) σ(s)√sK1
(
x
√
s
m
)
, (22)
where
sYEQ =
gDM
2pi2
m3
x
K2(x), (23)
gDM = 2, and Ki is the modified Bessel function of the i-th kind. For fixed values of gBL and m,
we obtain 〈σvrel〉 as a function of x, and numerically solve the Boltzmann equation to evaluate
the relic density. As we have found in the previous section, the braneworld cosmological effects
are encoded in Eq. (18) and we simply scale the thermal-averaged cross section by (x/xt)
γ .
For example values of the input parameters (m = 10 TeV, Tt = 1 TeV, mZ′ = 1 GeV,
and gBL = 1.54× 10−6), we show in Fig. 1 the numerical solutions of the Boltzmann equation
in the standard Big Bang (black solid line), RS (red dashed line) and GB (blue dotted line)
cosmologies. We find that as long as m≫ mZ′, the results are independent of m and mZ′. As
we see in the figure, the resultant DM density is enhanced (reduced) in the GB (RS) cosmology,
compared to the one obtained in the standard cosmology. Corresponding DM relic densities
are ΩDMh
2 = 7.2 × 10−3 for the standard cosmology while ΩDMh2 = 0.12 and 4.5 × 10−5 for
the GB and RS cosmologies, respectively. We can see that Eq. (19) is satisfactory as a rough
9
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FIG. 2. Gauge coupling values as a function of mZ′ ≪ m to reproduce the observed DM relic
density in the standard Big Bang (horizontal black line), RS (horizontal red line) and GB (horizontal
blue line) cosmologies, along with the search reach of various planned/proposed experiments at the
Lifetime Frontier and the current excluded region (gray shaded). We have fixed xt = 100 (xt = 10
6)
for the RS (GB) cosmology. the gauge couplings are found to be gBL = 3.50× 10−5, 3.11× 10−6 and
2.27 × 10−7 for the RS, standard Big Bang and GB cosmologies, respectively.
estimate. The discrepancy between the formula of Eq. (19) and the actual numerical solution
originates from the fact that the thermal-averaged cross section is not exactly proportional to
x2 around x ∼ 1 while it is a very good approximation for x≪ 1.
Let us now discuss an impact of the braneworld cosmological effect on the future experiments
at the Lifetime Frontier. In order to reproduce the observed relic density for the RHN DM via
the light Z ′-portal interaction, the B − L gauge coupling is found to be very small. Hence,
the Z ′ boson becomes long-lived. Such a long-lived B − L gauge boson can be explored at
Lifetime Frontier experiments. The recently approved ForwArd Search Experiment (FASER)
[66–68] has a physics run planned at the LHC Run-3 and its upgraded version (FASER 2) at the
High-Luminosity LHC. The prospect of the B−L gauge boson search at FASER is summarized
in Ref. [67]. FASER 2 can search for a long-lived Z ′ boson with its mass in the range of 10
MeV. mZ′ . 1 GeV for the B − L gauge coupling in the range of 10−8 . gBL . 10−4.5. The
planned/proposed experiments, such as Belle II [69], LHCb [70, 71], SHiP [72] and LDMX [73],
which will also search for a long-lived Z ′ boson, will cover a parameter region complementary
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to FASER.
In Fig. 2, we show our results for the B−L gauge coupling as a function of mZ′ to reproduce
the observed DM relic density in the standard Big Bang (horizontal black line), RS (horizontal
red line) and GB (horizontal blue line) cosmologies, along with the search reach of various
planned/proposed experiments at the Lifetime Frontier and the current excluded region (gray
shaded) [74]. Here, we have fixed xt = 100 (xt = 10
6) for the RS (GB) cosmology. As expected,
we find that the results are independent of mZ′ ≪ m. The braneworld effects shift the resultant
gBL value upwards in the RS cosmology and downwards in the GB cosmology from the one in
the standard cosmology. Therefore, if a long-lived Z ′ boson is observed in the future, we can
measure not only gBL and mZ′ but also obtain the information about possible non-standard
evolution of the early universe.
V. CONCLUSIONS
In the 5D braneworld cosmology, the Friedmann equation of our 4D universe on a brane
is modified at high temperatures while the standard Big Bang cosmology is recovered at low
temperatures. Based on two well-known scenarios, the Randall-Sundrum and Gauss-Bonnet
braneworld cosmologies, we have investigated the braneworld cosmological effect on the relic
density of a non-thermal DM particle whose interactions with the Standard Model particles are
so weak that its relic density is determined by the freeze-in mechanism. For DM production
processes in the early universe, we have considered a simple DM scenario with a light mediator
for the DM particle to communicate with the Standard Model particles. We have found that
the braneworld cosmological effect can dramatically alter the resultant DM density from the
one in the standard Big Bang cosmology. As an application, we consider the Z ′-portal RHN
DM in the minimal B − L extended Standard Model with a light Z ′ boson as a mediator. We
have found an impact of the braneworld cosmological effect on the search for the long-lived Z ′
boson at the planned/proposed Lifetime Frontier experiments.
ACKNOWLEDGMENTS
The author V.B. would like to thank the University of Alabama and the McNair Scholars
Program for support in the form of the McNair Fellowship. This work is supported in part by
the United States Department of Energy Grant DE-SC-0012447 (N.O.), and the M. Hildred
11
Blewett Fellowship of the American Physical Society, www.aps.org (S.O.).
[1] Planck Collaboration, N. Aghanim et al., “Planck 2018 results. VI. Cosmological parameters,”
arXiv:1807.06209 [astro-ph.CO].
[2] G. Bertone, D. Hooper, and J. Silk, “Particle dark matter: Evidence, candidates and
constraints,” Phys. Rept. 405 (2005) 279–390, arXiv:hep-ph/0404175 [hep-ph].
[3] B. W. Lee and S. Weinberg, “Cosmological Lower Bound on Heavy Neutrino Masses,”
Phys. Rev. Lett. 39 (1977) 165–168.
[4] E. W. Kolb and M. S. Turner, “The Early Universe,” Front. Phys. 69 (1990) 1–547.
[5] XENON Collaboration, E. Aprile et al., “Dark Matter Search Results from a One Ton-Year
Exposure of XENON1T,” Phys. Rev. Lett. 121 (2018) no. 11, 111302,
arXiv:1805.12562 [astro-ph.CO].
[6] J. McDonald, “Thermally generated gauge singlet scalars as selfinteracting dark matter,”
Phys. Rev. Lett. 88 (2002) 091304, arXiv:hep-ph/0106249 [hep-ph].
[7] L. J. Hall, K. Jedamzik, J. March-Russell, and S. M. West, “Freeze-In Production of FIMP
Dark Matter,” JHEP 03 (2010) 080, arXiv:0911.1120 [hep-ph].
[8] N. Bernal, M. Heikinheimo, T. Tenkanen, K. Tuominen, and V. Vaskonen, “The Dawn of FIMP
Dark Matter: A Review of Models and Constraints,”
Int. J. Mod. Phys. A32 (2017) no. 27, 1730023, arXiv:1706.07442 [hep-ph].
[9] J. Polchinski, “Tasi lectures on D-branes,” in Fields, strings and duality. Proceedings, Summer
School, Theoretical Advanced Study Institute in Elementary Particle Physics, TASI’96, Boulder,
USA, June 2-28, 1996, pp. 293–356. 1996. arXiv:hep-th/9611050 [hep-th].
[10] L. Randall and R. Sundrum, “An Alternative to compactification,”
Phys. Rev. Lett. 83 (1999) 4690–4693, arXiv:hep-th/9906064 [hep-th].
[11] D. Langlois, “Brane cosmology: An Introduction,”
Prog. Theor. Phys. Suppl. 148 (2003) 181–212, arXiv:hep-th/0209261 [hep-th].
[12] P. Binetruy, C. Deffayet, and D. Langlois, “Nonconventional cosmology from a brane universe,”
Nucl. Phys. B565 (2000) 269–287, arXiv:hep-th/9905012 [hep-th].
[13] P. Binetruy, C. Deffayet, U. Ellwanger, and D. Langlois, “Brane cosmological evolution in a
bulk with cosmological constant,” Phys. Lett. B477 (2000) 285–291,
arXiv:hep-th/9910219 [hep-th].
[14] T. Shiromizu, K.-i. Maeda, and M. Sasaki, “The Einstein equation on the 3-brane world,”
Phys. Rev. D62 (2000) 024012, arXiv:gr-qc/9910076 [gr-qc].
[15] D. Ida, “Brane world cosmology,” JHEP 09 (2000) 014, arXiv:gr-qc/9912002 [gr-qc].
[16] J. E. Kim, B. Kyae, and H. M. Lee, “Effective Gauss-Bonnet interaction in Randall-Sundrum
compactification,” Phys. Rev. D62 (2000) 045013, arXiv:hep-ph/9912344 [hep-ph].
[17] J. E. Kim, B. Kyae, and H. M. Lee, “Various modified solutions of the Randall-Sundrum model
with the Gauss-Bonnet interaction,” Nucl. Phys. B582 (2000) 296–312,
arXiv:hep-th/0004005 [hep-th]. [Erratum: Nucl. Phys.B591,587(2000)].
[18] S. Nojiri, S. D. Odintsov, and S. Ogushi, “Friedmann-Robertson-Walker brane cosmological
equations from the five-dimensional bulk (A)dS black hole,”
Int. J. Mod. Phys. A17 (2002) 4809–4870, arXiv:hep-th/0205187 [hep-th].
12
[19] J. E. Lidsey, S. Nojiri, and S. D. Odintsov, “Brane world cosmology in (anti)-de Sitter
Einstein-Gauss-Bonnet-Maxwell gravity,” JHEP 06 (2002) 026,
arXiv:hep-th/0202198 [hep-th].
[20] C. Charmousis and J.-F. Dufaux, “General Gauss-Bonnet brane cosmology,”
Class. Quant. Grav. 19 (2002) 4671–4682, arXiv:hep-th/0202107 [hep-th].
[21] K.-i. Maeda and T. Torii, “Covariant gravitational equations on brane world with Gauss-Bonnet
term,” Phys. Rev. D69 (2004) 024002, arXiv:hep-th/0309152 [hep-th].
[22] N. Okada and O. Seto, “Relic density of dark matter in brane world cosmology,”
Phys. Rev. D70 (2004) 083531, arXiv:hep-ph/0407092 [hep-ph].
[23] T. Nihei, N. Okada, and O. Seto, “Neutralino dark matter in brane world cosmology,”
Phys. Rev. D71 (2005) 063535, arXiv:hep-ph/0409219 [hep-ph].
[24] T. Nihei, N. Okada, and O. Seto, “Light wino dark matter in brane world cosmology,”
Phys. Rev. D73 (2006) 063518, arXiv:hep-ph/0509231 [hep-ph].
[25] E. Abou El Dahab and S. Khalil, “Cold dark matter in brane cosmology scenario,”
JHEP 09 (2006) 042, arXiv:hep-ph/0607180 [hep-ph].
[26] G. Panotopoulos, “Gravitino dark matter in brane-world cosmology,” JCAP 0705 (2007) 016,
arXiv:hep-ph/0701233 [hep-ph].
[27] N. Okada and O. Seto, “Gravitino dark matter from increased thermal relic particles,”
Phys. Rev. D77 (2008) 123505, arXiv:0710.0449 [hep-ph].
[28] J. U. Kang and G. Panotopoulos, “Dark matter in supersymmetric models with axino LSP in
Randall-Sundrum II brane model,” JHEP 05 (2008) 036, arXiv:0805.0535 [hep-ph].
[29] W.-L. Guo and X. Zhang, “Constraints on Dark Matter Annihilation Cross Section in Scenarios
of Brane-World and Quintessence,” Phys. Rev. D79 (2009) 115023,
arXiv:0904.2451 [hep-ph].
[30] S. Bailly, “Gravitino dark matter and the lithium primordial abundance within a pre-BBN
modified expansion,” JCAP 1103 (2011) 022, arXiv:1008.2858 [hep-ph].
[31] M. T. Meehan and I. B. Whittingham, “Asymmetric dark matter in braneworld cosmology,”
JCAP 1406 (2014) 018, arXiv:1403.6934 [astro-ph.CO].
[32] H. Iminniyaz, B. Salai, and G. Lv, “Relic Density of Asymmetric Dark Matter in Modified
Cosmological Scenarios,” Commun. Theor. Phys. 70 (2018) no. 5, 602,
arXiv:1804.07256 [hep-ph].
[33] N. Okada and S. Okada, “Gauss-Bonnet braneworld cosmological effect on relic density of dark
matter,” Phys. Rev. D79 (2009) 103528, arXiv:0903.2384 [hep-ph].
[34] M. T. Meehan and I. B. Whittingham, “Dark matter relic density in Gauss-Bonnet braneworld
cosmology,” JCAP 1412 (2014) 034, arXiv:1404.4424 [astro-ph.CO].
[35] N. Bernal, F. Elahi, C. Maldonado, and J. Unwin, “Ultraviolet Freeze-in and Non-Standard
Cosmologies,” arXiv:1909.07992 [hep-ph].
[36] N. Okada and O. Seto, “Higgs portal dark matter in the minimal gauged U(1)B−L model,”
Phys. Rev. D82 (2010) 023507, arXiv:1002.2525 [hep-ph].
[37] A. Anisimov and P. Di Bari, “Cold Dark Matter from heavy Right-Handed neutrino mixing,”
Phys. Rev. D80 (2009) 073017, arXiv:0812.5085 [hep-ph].
[38] A. Davidson, “B − L as the Fourth Color, Quark - Lepton Correspondence, and Natural
Masslessness of Neutrinos Within a Generalized Ws Model,” Phys. Rev. D20 (1979) 776.
13
[39] R. N. Mohapatra and R. E. Marshak, “Local B-L Symmetry of Electroweak Interactions,
Majorana Neutrinos and Neutron Oscillations,” Phys. Rev. Lett. 44 (1980) 1316–1319.
[Erratum: Phys. Rev. Lett.44,1643(1980)].
[40] R. E. Marshak and R. N. Mohapatra, “Quark - Lepton Symmetry and B-L as the U(1)
Generator of the Electroweak Symmetry Group,” Phys. Lett. 91B (1980) 222–224.
[41] C. Wetterich, “Neutrino Masses and the Scale of B-L Violation,”
Nucl. Phys. B187 (1981) 343–375.
[42] A. Masiero, J. F. Nieves, and T. Yanagida, “B − L Violating Proton Decay and Late
Cosmological Baryon Production,” Phys. Lett. 116B (1982) 11–15.
[43] R. N. Mohapatra and G. Senjanovic, “Spontaneous Breaking of Global B − L Symmetry and
Matter - Antimatter Oscillations in Grand Unified Theories,” Phys. Rev. D27 (1983) 254.
[44] W. Buchmuller, C. Greub, and P. Minkowski, “Neutrino masses, neutral vector bosons and the
scale of B-L breaking,” Phys. Lett. B267 (1991) 395–399.
[45] K. Ichiki, M. Yahiro, T. Kajino, M. Orito, and G. J. Mathews, “Observational constraints on
dark radiation in brane cosmology,” Phys. Rev. D66 (2002) 043521,
arXiv:astro-ph/0203272 [astro-ph].
[46] J. E. Lidsey and N. J. Nunes, “Inflation in Gauss-Bonnet brane cosmology,”
Phys. Rev. D67 (2003) 103510, arXiv:astro-ph/0303168 [astro-ph].
[47] P. Minkowski, “µ→ eγ at a Rate of One Out of 109 Muon Decays?,”
Phys. Lett. B67 (1977) 421–428.
[48] T. Yanagida, “HORIZONTAL SYMMETRY AND MASSES OF NEUTRINOS,” Conf. Proc.
C7902131 (1979) 95–99.
[49] M. Gell-Mann, P. Ramond, and R. Slansky, “Complex Spinors and Unified Theories,” Conf.
Proc. C790927 (1979) 315–321, arXiv:1306.4669 [hep-th].
[50] R. N. Mohapatra and G. Senjanovic, “Neutrino Mass and Spontaneous Parity Violation,”
Phys. Rev. Lett. 44 (1980) 912.
[51] S. F. King, “Large mixing angle MSW and atmospheric neutrinos from single right-handed
neutrino dominance and U(1) family symmetry,” Nucl. Phys. B576 (2000) 85–105,
arXiv:hep-ph/9912492 [hep-ph].
[52] P. H. Frampton, S. L. Glashow, and T. Yanagida, “Cosmological sign of neutrino CP violation,”
Phys. Lett. B548 (2002) 119–121, arXiv:hep-ph/0208157 [hep-ph].
[53] N. Okada and Y. Orikasa, “Dark matter in the classically conformal B-L model,”
Phys. Rev. D85 (2012) 115006, arXiv:1202.1405 [hep-ph].
[54] T. Basak and T. Mondal, “Constraining Minimal U(1)B−L model from Dark Matter
Observations,” Phys. Rev. D89 (2014) 063527, arXiv:1308.0023 [hep-ph].
[55] N. Okada and S. Okada, “Z ′BL portal dark matter and LHC Run-2 results,”
Phys. Rev. D93 (2016) no. 7, 075003, arXiv:1601.07526 [hep-ph].
[56] N. Okada and S. Okada, “Z ′-portal right-handed neutrino dark matter in the minimal U(1)X
extended Standard Model,” Phys. Rev. D95 (2017) no. 3, 035025,
arXiv:1611.02672 [hep-ph].
[57] S. Oda, N. Okada, and D.-s. Takahashi, “Right-handed neutrino dark matter in the classically
conformal U(1)′ extended standard model,” Phys. Rev. D96 (2017) no. 9, 095032,
arXiv:1704.05023 [hep-ph].
14
[58] N. Okada, S. Okada, and D. Raut, “SU(5)×U(1)X grand unification with minimal seesaw and
Z ′-portal dark matter,” Phys. Lett. B780 (2018) 422–426, arXiv:1712.05290 [hep-ph].
[59] S. Okada, “Z ′ Portal Dark Matter in the Minimal B − L Model,”
Adv. High Energy Phys. 2018 (2018) 5340935, arXiv:1803.06793 [hep-ph].
[60] P. Fileviez Perez and C. Murgui, “Dark Matter and The Seesaw Scale,”
Phys. Rev. D98 (2018) no. 5, 055008, arXiv:1803.07462 [hep-ph].
[61] P. Fileviez Perez, C. Murgui, and A. D. Plascencia, “Neutrino-Dark Matter Connections in
Gauge Theories,” Phys. Rev. D100 (2019) no. 3, 035041, arXiv:1905.06344 [hep-ph].
[62] K. Kaneta, Z. Kang, and H.-S. Lee, “Right-handed neutrino dark matter under the B −L gauge
interaction,” JHEP 02 (2017) 031, arXiv:1606.09317 [hep-ph].
[63] A. Biswas and A. Gupta, “Freeze-in Production of Sterile Neutrino Dark Matter in U(1)B−L
Model,” JCAP 1609 (2016) no. 09, 044, arXiv:1607.01469 [hep-ph]. [Addendum:
JCAP1705,no.05,A01(2017)].
[64] S. Heeba and F. Kahlhoefer, “Probing the freeze-in mechanism in dark matter models with
U(1)′ gauge extensions,” arXiv:1908.09834 [hep-ph].
[65] R. N. Mohapatra and N. Okada, “Dark Matter Constraints on Low Mass and Weakly Coupled
B-L Gauge Boson,” arXiv:1908.11325 [hep-ph].
[66] J. L. Feng, I. Galon, F. Kling, and S. Trojanowski, “Dark Higgs bosons at the ForwArd Search
ExpeRiment,” Phys. Rev. D97 (2018) no. 5, 055034, arXiv:1710.09387 [hep-ph].
[67] FASER Collaboration, A. Ariga et al., “FASER’s physics reach for long-lived particles,”
Phys. Rev. D99 (2019) no. 9, 095011, arXiv:1811.12522 [hep-ph].
[68] FASER Collaboration, A. Ariga et al., “FASER: ForwArd Search ExpeRiment at the LHC,”
arXiv:1901.04468 [hep-ex].
[69] M. J. Dolan, T. Ferber, C. Hearty, F. Kahlhoefer, and K. Schmidt-Hoberg, “Revised constraints
and Belle II sensitivity for visible and invisible axion-like particles,” JHEP 12 (2017) 094,
arXiv:1709.00009 [hep-ph].
[70] P. Ilten, J. Thaler, M. Williams, and W. Xue, “Dark photons from charm mesons at LHCb,”
Phys. Rev. D92 (2015) no. 11, 115017, arXiv:1509.06765 [hep-ph].
[71] P. Ilten, Y. Soreq, J. Thaler, M. Williams, and W. Xue, “Proposed Inclusive Dark Photon
Search at LHCb,” Phys. Rev. Lett. 116 (2016) no. 25, 251803, arXiv:1603.08926 [hep-ph].
[72] S. Alekhin et al., “A facility to Search for Hidden Particles at the CERN SPS: the SHiP physics
case,” Rept. Prog. Phys. 79 (2016) no. 12, 124201, arXiv:1504.04855 [hep-ph].
[73] A. Berlin, N. Blinov, G. Krnjaic, P. Schuster, and N. Toro, “Dark Matter, Millicharges, Axion
and Scalar Particles, Gauge Bosons, and Other New Physics with LDMX,”
Phys. Rev. D99 (2019) no. 7, 075001, arXiv:1807.01730 [hep-ph].
[74] M. Bauer, P. Foldenauer, and J. Jaeckel, “Hunting All the Hidden Photons,”
JHEP 07 (2018) 094, arXiv:1803.05466 [hep-ph]. [JHEP18,094(2020)].
15
